The goal of the present study was to determine if supraspinal pathways are necessary for inhibition of bladder reflex activity induced by activation of somatic afferents in the pudendal or tibial nerve. Cats anesthetized with ␣-chloralose were studied after acute spinal cord transection at the thoracic T9/T10 level. Dilute (0.25%) acetic acid was used to irritate the bladder, activate nociceptive afferent C-fibers, and trigger spinal reflex bladder contractions (amplitude: 19.3 Ϯ 2.9 cmH2O). Hexamethonium (a ganglionic blocker, intravenously) significantly (P Ͻ 0.01) reduced the amplitude of the reflex bladder contractions to 8.5 Ϯ 1.9 cmH2O. Injection of lidocaine (2%, 1-2 ml) into the sacral spinal cord or transection of the sacral spinal roots and spinal cord further reduced the contraction amplitude to 4.2 Ϯ 1.3 cmH2O. Pudendal nerve stimulation (PNS) at frequencies of 0.5-5 Hz and 40 Hz but not at 10 -20 Hz inhibited reflex bladder contractions, whereas tibial nerve stimulation (TNS) failed to inhibit bladder contractions at all tested frequencies (0.5-40 Hz). These results indicate that PNS inhibition of nociceptive afferent C-fiber-mediated spinal reflex bladder contractions can occur at the spinal level in the absence of supraspinal pathways, but TNS inhibition requires supraspinal pathways. In addition, this study shows, for the first time, that after acute spinal cord transection reflex bladder contractions can be triggered by activating nociceptive bladder afferent C-fibers using acetic acid irritation. Understanding the sites of action for PNS or TNS inhibition is important for the clinical application of pudendal or tibial neuromodulation to treat bladder dysfunctions. urinary bladder; neuromodulation; pudendal; tibial; cat IT IS KNOWN that bladder reflexes are initiated by two types of afferent nerve fibers: A␦-fibers and C-fibers (11). Under physiological conditions, bladder distention activates non-nociceptive afferent A␦-fibers, which trigger a spinobulbospinal micturition reflex (6), whereas nociceptive afferent C-fibers are silent (13). Under pathological conditions, such as bladder irritation/infection, silent C-fibers are activated, triggering a spinal reflex in addition to a spinobulbospinal reflex and also cause urinary urgency, frequency, or incontinence. The supraspinal bladder reflex has been previously demonstrated in animal studies by large micturition contractions induced by saline distention of the bladder. After acute spinal cord transection rostral to the sacral spinal cord, the supraspinal bladder reflex is eliminated and reflex bladder contractions induced by saline distention disappear. Several weeks after spinal cord transection, spinal reflex bladder contractions can appear during saline distention due to reorganization of the spinal cord and/or plasticity of bladder afferent pathways (6, 10, 21). Although the spinal C-fiber reflex can be demonstrated after acute spinal cord transection by electrical stimulation of bladder afferents and recording of efferent activity on the pelvic nerve (4, 16), it has never been shown whether spinal reflex bladder contractions can be induced in acute spinal cordtransected cats by activating these afferent C-fibers using bladder irritants.
IT IS KNOWN that bladder reflexes are initiated by two types of afferent nerve fibers: A␦-fibers and C-fibers (11) . Under physiological conditions, bladder distention activates non-nociceptive afferent A␦-fibers, which trigger a spinobulbospinal micturition reflex (6) , whereas nociceptive afferent C-fibers are silent (13) . Under pathological conditions, such as bladder irritation/infection, silent C-fibers are activated, triggering a spinal reflex in addition to a spinobulbospinal reflex and also cause urinary urgency, frequency, or incontinence. The supraspinal bladder reflex has been previously demonstrated in animal studies by large micturition contractions induced by saline distention of the bladder. After acute spinal cord transection rostral to the sacral spinal cord, the supraspinal bladder reflex is eliminated and reflex bladder contractions induced by saline distention disappear. Several weeks after spinal cord transection, spinal reflex bladder contractions can appear during saline distention due to reorganization of the spinal cord and/or plasticity of bladder afferent pathways (6, 10, 21) . Although the spinal C-fiber reflex can be demonstrated after acute spinal cord transection by electrical stimulation of bladder afferents and recording of efferent activity on the pelvic nerve (4, 16) , it has never been shown whether spinal reflex bladder contractions can be induced in acute spinal cordtransected cats by activating these afferent C-fibers using bladder irritants.
Overactive bladder syndrome (OAB) is characterized by urinary urgency typically accompanied by frequency and nocturia with or without urgency incontinence (1) . Due to side effects and low efficacy, drug therapy for OAB has a poor compliance (2, 12, 17) . Therefore, neuromodulation becomes an attractive option for OAB treatment (24) . Pudendal (18, 19) and tibial (20) neuromodulation have been shown to be effective in the treatment of OAB. However, the central sites of action for pudendal or tibial neuromodulation are currently still unknown. Although previous animal studies (14, 22) have shown that both pudendal nerve stimulation (PNS) and tibial nerve stimulation (TNS) are effective in inhibiting bladder reflex contractions and increasing bladder capacity, whether the inhibition occurs in the spinal cord or supraspinally has not been determined.
The goals of the present study in cats were to determine 1) whether acetic acid (AA) can irritate the bladder, activate nociceptive afferent C-fibers, and induce bladder reflex activity after acute spinal cord transection at the thoracic level and 2) whether PNS or TNS inhibition of bladder reflex activity can still occur after the removal of supraspinal micturition reflex pathways. The results from this study indicate a prominent difference in the spinal mechanisms underlying PNS or TNS inhibition of bladder reflex activity.
MATERIALS AND METHODS
The protocol and animal use in this study were approved by the Animal Care and Use Committee of the University of Pittsburgh.
Surgical procedures. Twelve cats (6 male cats and 6 female cats, 2.9 -4.5 kg, Liberty Research, Waverly, NY) were anesthetized with isoflurane (2-3% in O 2) during surgery and then with ␣-chloralose (65 mg/kg iv and supplemented as needed) during data collection. A tracheotomy was performed, and a tube was inserted to keep the airway patent. A catheter was inserted into right carotid artery to monitor systemic blood pressure. The right cephalic vein was catheterized for the intravenous injection of drugs and fluid. Heart rate and blood O2 were monitored by a pulse oximeter (9847V, NONIN Medical, Plymouth, MN) attached to the tongue.
Through an abdominal incision, the ureters were isolated, tied, and cut for external drainage of urine. A double lumen catheter was inserted into the bladder via a small cut in the proximal urethra and secured by a ligature around the urethra. One lumen was connected to a pump to slowly infuse (1-3 ml/min) saline or 0.25% AA into the bladder. The other lumen was attached to a pressure transducer to measure bladder pressure. The right pudendal nerve was dissected via a 3-to 4-cm incision in the sciatic notch lateral to the tail. A tripolar cuff electrode (NC223pt, MicroProbe, Gaithersburg, MD) was implanted around the pudendal nerve. A bipolar cuff electrode (NC223pt, MicroProbe) was also implanted on the left tibial nerve above the ankle. Stimulation electrodes were connected to a stimulator (S88, Grass Medical Instruments, Quincy, MA) via a constant-voltage stimulus isolator (SIU5, Grass Medical Instruments). A switch was inserted between the electrodes and stimulus isolator so that the pudendal or tibial nerve could be stimulated individually. A laminectomy was performed to expose the spinal cord at the thoracic (T9/T10) level for complete spinal cord transection during the experiment.
Another laminectomy was performed at the lumbosacral (L7-S3) spinal cord level for the injection of lidocaine or complete transection of the spinal cord and S1-S3 spinal roots at the end of the experiments. The spinal cord was covered with saline-soaked cotton, and the skin and muscle layers were then closed by sutures.
Experimental protocol. Uniphasic rectangular pulses (0.2-ms pulse width) of different frequencies (0.5, 1, 5, 10, 20, and 40 Hz) were used for PNS or TNS. The stimulation threshold (T), defined as the minimal intensity for inducing anal/toe twitch at 5 Hz, was determined at the beginning of the experiment. Initially, cystometrograms (CMGs) were performed by slowly infusing the bladder with saline to determine the bladder capacity, which was defined as the bladder volume threshold required to induce a micturition contraction of large amplitude (Ͼ30 cmH 2O) and long duration (Ͼ20 s). Because the urethra was ligated to prevent bladder emptying, the bladder was emptied manually after each CMG by withdrawing saline through the catheter. Multiple CMGs were performed to ensure reproducibility of the saline control capacity. The spinal cord was then completely Spinal reflex bladder activity induced by bladder irritation using 0.25% AA after acute SCT at the T9/T10 level. A: under isovolumetric conditions, the maximal amplitude of rhythmic bladder contractions was significantly reduced by intravenous injection of 10 mg/kg hexamethonium (Hx). The contraction amplitude was further reduced by injection of 0.5 ml of 2% lidocaine (Lido) into the sacral S1 spinal cord. B: maximal contraction amplitude. C: contraction frequency. In total, seven cats were tested with Hx followed by Lido injection in four cats. *Significant difference (P Ͻ 0.01 by a paired Student's t-test).
transected at the T9/T10 level. Thirty minutes after spinal cord transection, a saline CMG was performed to confirm the disappearance of the large-amplitude micturition contraction. The bladder infusion was then changed from saline to 0.25% AA to irritate the bladder, activate nociceptive bladder afferent C-fibers, and induce spinal reflex bladder activity. During the AA CMG, bladder capacity was determined by the volume threshold required to induce a bladder contraction of an amplitude of Ͼ10 cmH 2O. To ensure reproducibility of the AA control capacity, multiple CMGs were performed by filling and manually emptying the bladder. With the bladder filled with AA solution to a volume above the micturition volume threshold and maintained under isovolumetric conditions, PNS (2T) or TNS (4T) of different frequencies (0.5, 1, 5, 10, 20, and 40 Hz) was then applied in a random order for ϳ2-min duration at 3-to 5-min intervals to inhibit spinal reflex bladder activity. After the isovolumetric tests, the following four CMGs were performed with AA infusion: 1) control CMG without PNS, 2) CMG during 2T PNS, 3) CMG during 4T PNS, and 4) control CMG without PNS to determine any poststimulation effect. The four CMGs were then performed again with TNS instead of PNS.
At the end of experiments, when the bladder was filled with AA and maintained under isovolumetric conditions, hexamethonium, a ganglionic blocking agent (10 mg/kg, Sigma-Aldrich, St. Louis, MO), was administered intravenously to suppress spinal reflex bladder activity in seven cats. Ten minutes later, 1-2 ml lidocaine (2%, Hospira, Lake Forst, IL) was injected into the S1-S3 spinal cord in four cats to block any residual reflex bladder activity. In another cat, the spinal roots (S1-S3) were cut, and the spinal cord was completely transected between L7 and S1.
Data analysis. The bladder capacity measured during each CMG was normalized to the initial saline control capacity in the same animal, which allowed for comparisons between animals. Bladder capacities were averaged for each condition and reported as means Ϯ SE. Isovolumetric bladder contractions were measured by the area under the bladder pressure trace, maximal contraction amplitude, or contraction frequency during PNS/TNS and were normalized to isovolumetric bladder contractions during the same time period before the stimulation. A t-test or ANOVA followed by Dunnett multiplecomparisons test was used to determine the statistical significance (P Ͻ 0.05).
RESULTS

Spinal reflex bladder activity induced by AA irritation.
During saline CMGs, micturition contractions of large amplitude (Ͼ30 cmH 2 O) and long duration (Ͼ20 s) could be induced when the volume reached the bladder capacity (9.5 Ϯ 0.9 ml, n ϭ 12 cats; Fig. 1A ). After complete spinal cord transection at the T9/T10 level, this large micturition reflex disappeared during saline CMGs even after the baseline bladder pressure reached more than 40 cmH 2 O at a much larger bladder volume (161.0 Ϯ 16.1% of the pretransection saline capacity; Fig. 1A) . Infusion of AA into the bladder induced spinal reflex bladder contractions of small amplitude (Ͻ30 cmH 2 O) and short duration (Ͻ20 s) at a significantly (P Ͻ 0.01) smaller bladder volume that was 60.8 Ϯ 6.4% of the saline capacity before spinal cord transection (Fig. 1, A and B) .
Spinal reflex bladder contractions were not only induced during AA infusion (Fig. 1A) but also during isovolumetric conditions after the AA infusion was stopped at bladder volumes ϳ20 -30% more than the AA capacity (see the first trace before hexamethonium treatment in Fig. 2A ). Under these conditions, hexamethonium (10 mg/kg iv) significantly (P Ͻ 0.01) reduced the amplitude of spinal reflex bladder contractions from 19.3 Ϯ 2.9 to 8.5 Ϯ 1.9 cmH 2 O (Fig. 2B) . The contraction amplitude was further significantly (P Ͻ 0.01) reduced to 4.2 Ϯ 1.3 cmH 2 O (Fig. 2B) by the injection of lidocaine (2%, 1-2 ml) into the S1-S3 spinal cord (n ϭ 4 cats). In another hexamethonium-treated cat without lidocaine injection, complete spinal transection between the L7 and S1 spinal cord and cutting the S1-S3 spinal roots reduced the contraction . n ϭ 12 cats. *Significantly different from 100% (P Ͻ 0.05 by a one-sample t-test). The bladder activity in B was measured as the area under the bladder pressure curve during PNS and then normalized to the measurement during the same time period before PNS. Similar normalization was also performed for the maximal contraction amplitude (C) and contraction frequency (D).
amplitude from 6.8 to 3.1 cmH 2 O. The frequency of bladder contractions (1.9 Ϯ 0.3/min) was not changed by either hexamethonium or lidocaine treatment (Fig. 2C) .
Effect of PNS and TNS on spinal reflex bladder activity.
The effect of PNS on spinal reflex bladder activity induced by AA irritation was dependent on the stimulation frequency (Fig. 3) . Under isovolumetric AA conditions, PNS at 2T intensity significantly (P Ͻ 0.05) suppressed spinal reflex bladder contractions at frequencies of 0.5-5 and 40 Hz but had no effect at 20 Hz (Fig. 3, B and C) . At 10 Hz, it only reduced the maximal contraction amplitude (Fig. 3B ) and contraction frequency (Fig. 3D) . The PNS inhibition was quickly reversible after stimulation (Fig. 3A) . During repeated AA CMGs, 5-Hz PNS at 2T or 4T intensity significantly (P Ͻ 0.01) increased bladder capacity from 65.2 Ϯ 9.4% to 92.5 Ϯ 12.0% and 107.6 Ϯ 14.8% of the saline control capacity, respectively (Fig. 4) .
In contrast to PNS, TNS (4T) failed to inhibit spinal reflex bladder activity at all tested frequencies (0.5-40 Hz) after AA irritation under isovolumetric conditions (Fig. 5, A and B) . More detailed analysis showed that TNS slightly reduced contraction frequency at 5 and 20 Hz (Fig. 5D ) but did not change the maximal contraction amplitude (Fig. 5C ). During repeated AA CMGs, 5-Hz TNS at both 2T and 4T intensity also failed to increase bladder capacity (Fig. 6) .
DISCUSSION
This study demonstrated, for the first time in cats, that after acute spinal cord transection above the lumbosacral level, spinal reflex bladder contractions can be induced by activation of nociceptive afferent C-fibers using AA irritation (Figs. 1 and  2 ). Spinal reflex bladder contractions could be inhibited by PNS (Figs. 3 and 4) but not by TNS (Figs. 5 and 6) , indicating a different mechanism of action for pudendal and tibial neuromodulation of bladder activity.
Hexamethonium suppresses transmission in both parasympathetic and sympathetic ganglia by blocking neuronal nicotinic ACh receptors. The intravenous injection of hexamethonium significantly decreased the amplitude of isovolumetric bladder contractions (Fig. 2) , indicating that these bladder contractions are dependent on the efferent output from the spinal cord. Since the sympathetic efferent output is inhibitory to the bladder (7), the reduction of contraction amplitude by hexamethonium indicates that these isovolumetric bladder contractions are mainly mediated by parasympathetic efferent output from the sacral spinal cord. However, the subsequent intrathecal injection of lidocaine (Fig. 2) or transection of S1-S3 spinal roots and the sacral spinal cord further reduced the contraction amplitude, which might be due to the fact that muscarinic as well as nicotinic mechanisms participate in transmission in bladder parasympathetic ganglia of the cat (8), and, therefore, hexamethonium-resistant ganglionic synapses may contribute to the propagation of efferent signals from the sacral spinal cord to the bladder. Another possibility is that hexamethonium produced an incomplete block of the nicotinic mechanism. However, this possibility is less likely since a very large dose of hexamethonium (10 mg/kg iv) was used in this study. After lidocaine injection or complete transection of the sacral cord and sacral roots to eliminate bladder afferent input, the residual small-amplitude (ϳ4 cmH 2 O) contractions are probably caused by intrinsic bladder muscle activity. The frequency of bladder contractions was similar before and after lidocaine or hexamethonium treatment (Fig. 2C) , indicating that spinal reflex bladder contractions are very likely triggered by afferent activity induced by small intrinsic muscle contractions.
It is known that non-nociceptive bladder afferent A␦-fibers can be activated by saline distension but that nociceptive bladder afferent C-fibers are silent during saline distension (13) . After acute spinal cord transection, reflex bladder contractions could not be induced by saline distention at a bladder volume much larger than the bladder capacity (Fig. 1A) , indicating that activation of non-nociceptive afferent A␦-fibers by saline distention triggers the spinobulbospinal bladder reflex (6) but does not activate the spinal bladder reflex. Previous studies (4, 6, 16) in cats have also shown that the bladder efferent response evoked by electrical stimulation of bladder afferent A␦-fibers is lost after acute spinal cord transection. However, after acute spinal cord transection, AA irritation induced reflex bladder contractions at a bladder volume much smaller than the saline capacity (Fig. 1) . It is known that C-fibers, which are inactive during saline distention, become activated during bladder irritation (13) . Therefore, it would be logical to conclude that AA irritation triggers a spinal bladder reflex by activating nociceptive bladder afferent C-fibers. This conclusion also agrees with previous observations (4, 16) in cats that after acute spinal cord transection, a long-latency reflex discharge can be evoked on bladder postganglionic nerves by electrical stimulation of bladder afferent C-fibers but not by afferent A␦-fibers. However, this organization of the spinal micturition reflex might not be applicable to anesthetized rats because both C-fibers and A␦-fibers can respond to saline distension of the bladder (11) and participate in the micturition reflex during saline distension (3). It is also worth noting that a minimal AA volume is still required to induce spinal reflex bladder contractions (Fig.  1) , indicating that the afferent limb of the spinal bladder reflex is mechanosensitive and that the reflex is dependent on both bladder distension and chemical stimulation of afferent nerves. This is consistent with the observation that silent C-fibers in cats activated by bladder irritation are also sensitive to bladder volume/distention (13). However, after acute spinal cord transection and irritation of the bladder with 0.25% AA, the volume threshold for eliciting reflex bladder contractions was still ϳ60% of the saline capacity (Fig. 1B) , whereas previous studies (14, 22) in cats have shown that an infusion of 0.25% AA can induce reflex bladder contractions at a much smaller volume (ϳ20% of the saline capacity) if the spinal cord is intact. The higher sensitivity to AA irritation in spinal cord-intact cats indicates either a facilitatory interaction between the A␦-fibermediated supraspinal reflex and C-fiber-mediated spinal reflex or that AA also sensitizes afferent A␦-fibers.
This study showed that PNS inhibition of reflex bladder activity can occur at the spinal cord level. There are two possible spinal mechanisms for PNS inhibition. First, pudendal afferent input can activate a group of inhibitory interneurons in the sacral spinal cord that have synaptic connections to excitatory neurons in the bladder reflex pathway. The suppression of PNS inhibition of reflex bladder activity by intrathecal administration of a GABA A receptor antagonist (picrotoxin) supports this mechanism (25) . A second mechanism involves pudendal afferent activation of lumbar sympathetic efferent pathways in hypogastric nerves, which inhibits bladder activity via adrenergic inhibitory mechanisms in bladder smooth muscle and bladder ganglia (5, 7, 9, 15) . The reduction of PNS inhibition of bladder activity in chronic spinal cats after transection of hypogastric nerves provides support for this mechanism (23) . Thus, more studies are warranted to determine the possible contribution of the different spinal mechanisms to PNS inhibition of bladder reflexes. PNS inhibition of spinal reflex bladder contractions is dependent on stimulation frequency (Fig. 3) . Similar frequencydependent PNS inhibition was also observed in spinal cordintact and chronic spinal cord-injured cats (6, 21) . This may indicate that similar mechanisms of action for PNS inhibition exist in different types of animal models (i.e., spinal cord-intact and acute and chronic spinal-transected cats).
Previous studies in cats with an intact spinal cord have shown that TNS can inhibit AA-induced bladder reflex contractions (22) . In the present study, after acute spinal cord transection at the T9/T10 level, TNS failed to inhibit AAinduced spinal reflex bladder contractions (Figs. 5 and 6 ). Therefore, it can be concluded that TNS requires supraspinal pathways to achieve the inhibition of afferent C-fiber-mediated bladder reflex. However, this does not mean that TNS inhibition cannot occur at the spinal cord level because tibial afferent input to supraspinal structures could, in turn, activate descending spinal pathways to inhibit the afferent C-fiber-mediated bladder reflex in the sacral spinal cord. Additional studies are clearly needed to further understand the neural pathways involved in tibial neuromodualtion.
In summary, this study demonstrated that nociceptive bladder afferent C-fibers can trigger reflex bladder contractions after acute spinal cord transection if they are activated by AA irritation. Furthermore, the experiments revealed that PNS-and TNS-induced neuromodulation of spinal reflex bladder activity can occur by very different mechanisms. Understanding the mechanisms underlying pudendal or tibial neuromodulation of the bladder reflex is important for treatment of OAB patients.
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